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h i g h l i g h t s
 A novel CL-20/caprolactam cocrystal has been designed and characterized.
 The crystal structure, mechanism and performance are characterized and discussed.
 The formations of cocrystal mainly rely on strong hydrogen bonds interactions.
 The two cocrystal formers can be separated to obtain b-CL-20.
 Provide a good guide for the design of future CL-20 and other explosive cocrystals.a r t i c l e i n f o
Article history:
Received 11 January 2013
Received in revised form 10 May 2013
Accepted 15 May 2013
Available online 23 May 2013
Keywords:
Cocrystal
Energetic materials
Structure analysis
Inﬂuence factorsa b s t r a c t
Co-crystallization is an effective way to improve performance of the high explosive 2,4,6,8,10,12-hexa-
nitrohexaazaisowurtzitane (CL-20). A new CL-20/caprolactam (CPL) cocrystal has been prepared by a
rapid solvent evaporation method, and the crystal structure investigations show that the cocrystal is
formed by strong intermolecular hydrogen bond interaction. The cocrystal can only be prepared with
low moisture content of the air, because water in the air has a profound effect on the cocrystal formation,
and it can lead to crystal form conversion of CL-20, but not the formation of cocrystal. The CL20/CPL
explosive possess very low sensitivity, and may be used as additive in explosives formulation to desen-
sitize other high explosives.
 2013 The authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction Co-crystallization is an effective method to improve theEnergetic materials (explosives, propellants and pyrotechnics)
are used extensively for both civilian and military applications.
There are ongoing research programs worldwide to develop new
explosives and propellants with higher explosive performance
and enhanced insensitivity to thermal or mechanical shock [1]. In
recent years, how to improve the explosive performance of existing
energetic materials have received a great amount of interest [2–5].
For this purpose, a better approach is to introduce co-crystalliza-
tion techniques to obtain explosives with excellent comprehensive
performance.physical and chemical properties of crystalline solid, and it has
been widely used in the ﬁeld of pharmaceutical science [6–8]. By
co-crystallization technology, the rate of dissolution, thermal sta-
bility and biological activity of the drug can be effectively im-
proved without changing the structure of pharmaceutical active
ingredient (API) [9–12]. Currently, researchers also apply this tech-
nology to the ﬁeld of energetic materials as an effective means of
changing the density, melting point, decomposition temperature
and sensitivity of the explosives. For example, 17 cocrystals of
TNT with a range of aromatic or heterocyclic co-formers by Lan-
denberger and Matzger revealed an alteration of key properties
including density, melting point and decomposition temperature
compared with TNT [13]. Recently, the cocrystals of HMX
(1,3,5,7-tetranitro-1,3,5,7-tetrazocane) with a wide variety of co-
formers have been reported, which also afford a tremendous
reduction in sensitivity compared to pure HMX [14]. Such cases
suggest that it is helpful to applied co-crystallization techniques
to modulate the physical and chemical properties of existing
explosives.
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formula C6H6N12O12, primarily used in propellants. It has better
oxidizer-to-fuel ratio than the conventional high explosives HMX
and RDX [15,16]. However, the high sensitivity usually restricts
the storage, transportation, and widely application of CL-20 explo-
sive. In order to improve its safety, a good method is to co-crystal-
lize CL-20 with other insensitive explosive or non-explosive
substances to form a new crystal structure [17,18]. Not long ago,
Bolton and co-workers prepared a cocrystal of TNT and CL-20,
which improves the security of CL-20 while barely reduce the en-
ergy [19]. In addition, its density, decomposition temperature and
so on have also been modiﬁed. In 2012, Bolton et al. reported that a
cocrystal of CL-20 and HMX had similar safety properties to HMX,
but ﬁring power closer to CL-20 [20]. Although several cocrystals
have now been designed to improve the explosive performance
of CL-20, the cocrystals is usually difﬁcult to be obtained because
of the lack of strong predictable interactions in the chemical struc-
tures of its components. The investigation of new CL-20 cocrystal
can help to study the formation mechanism and subsequent crystal
design and preparation. In addition, the CL-20 cocrystal with non-
explosives is needed to obtain explosives with low energy output,
which can be used to meet some special requirements, such as
smooth blasting, pre-splitting blasting and controlled blasting
engineering. In this paper, the non-explosive CPL was chosen to
form cocrystal with CL-20, and the cocrystal has been prepared
and crystal structure as well as explosive performance are charac-
terized and discussed, which will provide a good guide for the de-
sign of future cocrystals of CL-20 and other explosive.2. Experimental
2.1. Materials
e-CL-20 was supplied by the Beijing Institute of Technology.
Analytical grade caprolactam and anhydrous acetone were pro-
vided by Chengdu Institute of Chemical Reagents.2.2. Cocrystal preparation
Crystallization experiments was conducted by dissolving a mo-
lar ratio of 1:5 mixture of e-CL-20 (4.44 mg) and CPL (5.65 mg) in a
minimum amount of anhydrous acetone (dried in the 4Amolecular
sieve). The solvent was evaporated at 40 C over a period of several
minutes, and a new energetic cocrystal of CL-20/CPL was formed.2.3. Optical microscopy
Optical micrographs of the crystals were taken under the
SK2005A polarization microscope.Fig. 1. Microscope images of CPL (a), CL-2.4. Powder X-ray diffraction (PXRD)
Powder X-ray diffraction patterns were recorded on a Bruker D8
Advance with a Cu Ka radiation (k = 1.54439 Å), the voltage and
current applied were 40 kV and 40 mA, respectively. The data were
collected over an angle range from 5 to 50 with a scanning speed
of 0.02 per second [21].2.5. Single crystal X-ray diffraction
The single-crystal X-ray diffraction data of the cocrystal was
collected on an Xcalibur, Eos diffractometer. The crystal was kept
at 293.15 K during data collection. Crystal structures was solved
by direct method using SHELXS, structure solution program using
direct method and reﬁned with the SHELXL, reﬁnement package
using Least Squares minimisation [22].2.6. Differential Scanning Calorimeter (DSC)
DSC was performed on a NETZSCH STA 449C Differential Scan-
ning Calorimeter. 1.45–1.78 Mg of samples were placed in alumin-
ium pans and the thermal behaviour of the samples were studied
under nitrogen (30.0 ml/min) purge at a heating rate of 10 C/
min over a range from 50 C to 300 C [23].2.7. Infrared spectroscopy (IR)
IR absorption spectra were obtained at a resolution of 4 cm1
using a Nicolet 6700 infrared spectrometer, with each spectrum
obtained as the average of 25 individual spectra. Each spectrum
was scanned in the range of 400–4000 cm1 with a minimum of
six scans [24].2.8. The drop height at which 50% initiation occurred (H50) and friction
sensitivity
The H50: It is based on the varying of the impact energy value in
each trial. Depending on the result of previous, the level of impact
energy is decreased after ignition for the next trial and increased
after ‘‘no reaction’’. In this study we used a 5 kg drop weight, after
25 trials, the level of impact energy with 50% probability of ignition
and its standard deviation is determined statistically [25].
The friction sensitivity: The determination of the friction sen-
sitivity was performed referring to the method of WJ1870289 stan-
dard and WJ1871280 standard [26]. Dose is 20 mg, pendulum
quality is 5 kg, the swing angle is 70 and gauge pressure is 23 MPa.20/CPL cocrystal (b) and e-CL-20 (c).
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3.1. The microscope images of cocrystal
Macro-morphology of the crystal is a reﬂection of its
microscopic structure, and the crystal morphologies observed un-
der a microscope are shown in Fig. 1. It can been found that the
cocrystal was a white tablet-like transparent crystal with well –
deﬁned morphology, regular structure, uniform size and smooth
surface. All of these differences compared with e-CL-20 or CPL indi-
cate that the product has a different crystal structure and can be
preliminarily implied as cocrystal.3.2. The DSC results of cocrystal
Differential Scanning Calorimeter is helpful in studies on the
thermal behaviour of the cocrystal, and the DSC results are illus-
trated in Fig. 2. It was evident from the curves that the thermal
behaviour of cocrystal is obviously different from their co-formers,
and the differences in thermal stability of these substances further
suggest the formation of a new cocrystal. The CL-20/CPL cocrystal
was found to melt at 89 C, exhibiting a sharp exothermic process
at the temperature of 194 C. Melting phenomenon of cocrystal ap-
peared in a higher temperature compared with CPL (69 C), and
this phenomenon is consistent with CL-20/TNT cocrystal, which
has a higher melting point of 134 C compared with TNT (80 C).Fig. 2. DSC curves for e-CL-20, CL-20/CPL cocrystal and CPL.
Fig. 3. Comparison of PXRD pattern of the mixture inﬂuenced by moisture, CPL, CL-
20/CPL cocrystal, a-CL-20, b-CL-20, c-CL-20 and e-CL-20.The different thermal behaviour may be caused by the changes
in crystal packing and lattice energy.
3.3. The XRD results of cocrystal
The analysis of XRD approved the formation of cocrystal, and
XRD patterns of cocrystal and co-formers are sketched in Fig. 3.
The pattern shows that the main diffraction peaks of pure CPL
and CL-20 disappeared, replaced by a series of new peaks. A stron-
ger characteristic absorption peak occurs at 2h angle of 8.6, which
makes the cocrystal easy to be distinguished from pure substances
of CPL, a-CL-20, b-CL-20, c-CL-20 and e-CL-20 [27]. The cocrystal
has a unique X-ray diffraction pattern, which identiﬁes it as a
new material rather than product of crystal transformation. The
XRD results can been used to further demonstrate the formation
of cocrystal.
In addition, the solvent/nonsolvent method, slow solvent evap-
oration method and rapid solvent evaporation method have been
used to obtain desired product. The results of experiments show
that the cocrystal can only be prepared by rapid solvent evapora-
tion method, and by other methods only the produce of their mix-
tures can be obtained (as shown in Fig. 3). These phenomena may
result from the water in the air or the solvents, which can lead to
crystal form conversion of CL-20, but not the formation of cocrys-
tal, because the formation of a-CL-20 is more advantageous in
chemical thermodynamics than that of cocrystal. This phenome-
non can be conﬁrmed by the XRD, as can be seen from the graph
that the diffraction peak of mixture obtained by other methods is
the superposition of CPL and a-CL-20. The conclusion is that the
CL-20 cocrystal can only be effectively prepared under the condi-
tion of low moisture content of the air, which is helpful to future
preparation of other CL-20 cocrystal.
3.4. Structure of the cocrystal
The crystallographic data of CL-20/CPL cocrystal obtained
by X-ray single-crystal diffraction meter are presented in Table 1.
It reveals that CL-20 and CPL molecules cocrystallizes in a
monoclinic system with space group P21/c and cell parameters
a = 20.8569(19) Å, b = 11.2969(5) Å, c = 23.1262(19) Å and b =
116.613(11). It can be seen from Fig. 4a that the cocrystal was
formed by the CL-20 and CPL molecules at a molar ratio of 1:5 with
a formula weight of 1004.02. The crystal structures viewed along
b-axis (Fig. 4b) illustrated that the CL-20 molecules uniformly
distributed in CPL molecule to form the desired cocrystal, which
contains two different kinds of molecules in a unit cell.Table 1
Crystal data and structure reﬁnement of CL-20/CPL cocrystal.
Structural parameters Parameter values
Empirical formula C36H61N17O17
Formula weight 1004.02
Temperature (K) 143.00(10)
Crystal system Monoclinic
Space group P21/c
a (Å) 20.6560(7)
b (Å) 11.1960(3)
c (Å) 23.0104(14)
a () 90.00
b () 116.866(3)
c () 90.00
Volume (Å3) 4747.1(4)
Z 4
qcalc (mg/mm3) 1.405
Independent reﬂections 9329[R(int) = 0.0293]
Final R indexes [I > = 2r(I)] R1 = 0.0433, wR2 = 0.0985
Final R indexes [all data] R1 = 0.0597, wR2 = 0.1072
Fig. 4. The cell unit of CL-20/CPL cocrystal, with each atom labelled (a) and the crystal structures viewed along the b-axis (b).
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bond interactions between nitro groups and adjacent hydrogen
are the primary drive forces for the formation of cocrystal, and
such intermolecular forces also make contributions to stability
of crystal structure [28,29]. These components connected to each
other by hydrogen bonds to develop into a huge zigzag network
structure which extends into inﬁnity to ﬁnish the crystal struc-
ture (Fig. 5). The possible hydrogen bond distances and angles
found in cocrystal have been listed in Table 2 (the labelled atoms
are shown in Fig. 4a). In addition to the hydrogen bonding inter-
action between caprolactam molecular, such as N15AH15  O10
and N17AH17  O14, the intermolecular interactions between
CL-20 and CPL were also found. The formation of CL-20/CPLcocrystal is mainly rely on the strong intermolecular hydrogen
bonding interactions to bring the two kind of molecules together,
and these interactions are shown in Fig. 6. It can be found that
the CL-20 molecules were stabilized by interactions with the
CPL molecules around them. Such as the stronger hydrogen bond
of C2AH2  O13 between carbonyl group of CPL and hydrogen of
CL-20, it is one of the main acting forces for the formation of CL-
20/CPL cocrystal, which has a bond distance of 2.481 Å and bond
angle of 131.4.
All of these intermolecular hydrogen bonding interactions are
similar with CL-20/TNT cocrystal, and it was stabilized by a num-
ber of CH hydrogen bonds each involving nitro group oxygen
atoms [19].
Fig. 5. The CL-20/CPL cocrystal were connected by the possible intermolecular hydrogen bonds to formed a huge zigzag network structure along the b-axis.
Table 2
The bond distances and angles of intermolecular hydrogen bonds found in cocrystal.
Interaction d(Å) q()
N15AH15  O10 2.113 158.24
N17AH17  O14 2.301 152.79
C14AH14A  O7 2.391 150.97
C4AH4  O14 2.408 120.98
C2AH2  O13 2.481 131.43
C6AH6  O15 2.509 103.46
C1AH1  O13 2.572 128.15
C32AH32B  O15 2.626 178.29
C8AH8A  O3 2.673 148.08
C10AH10B  O9 2.700 135.70
C3AH3  O15 2.703 99.32
C26AH26A  O8 2.718 150.92
C34AH34A  O3 2.726 157.13
C10AH10A  O5 2.736 121.36
C28AH28B  O11 2.772 139.79
C24AH24B  O12 2.803 117.37
C24AH24A  O11 2.812 123.05
C28AH28B  O12 2.835 167.26
C36AH36B  O16 2.837 169.22
C26AH26B  O11 2.841 116.46
C28AH28A  O8 2.874 148.23
C10AH10B  O1 2.880 131.98
C14AH14A  O6 2.887 119.34
C8AH8A  O7 2.894 136.09
C20AH20A  O10 2.991 137.07
C22AH22B  O8 3.015 150.27
C9AH9A  O9 3.060 110.02
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FTIR spectroscopy is normally used for the phase determination
of CL-20 and works very well in determination of the predominant
phase [30,31] and the changes caused by intermolecular hydrogen
bond are relatively apparent in the infrared spectrum [32].Fig. 7 shows that several regions are highly sensitive to the
structure changes of the cocrystal in the IR spectra, and part of
characteristic absorption peak of the group offset signiﬁcantly. It
can be concluded from the chart that a group of low intensity
bands assigned to the CAH stretching of CL-20 shifted from the re-
gion of 3045–3013 cm1 to 3049–3030 cm1. While, CAH stretch-
ing vibration of CPL increased from the region of 2929–2856 cm1
to 2934–2861 cm1, and the C@O stretching vibration increased
from 1655 cm1 to 1668 cm1. Those phenomena may be caused
by the hydrogen bond interactions involved in cocrystal formation.
Among three stretching of the nitramine group of CL-20, as(NO2)
(antisymmetric stretching vibration), s(NO2) (symmetric stretching
vibration), (NAN), only as(NO2) can be considered as approximately
characteristic and used in analytical investigations [33]. In CL-20/
CPL cocrystal, a group of frequencies located near 1632–
1566 cm1 are assigned to asymmetrical NO2 stretching of CL-20.
It reduced to 1599–1561 cm1 due to the interactions with CPL,
and conversely, the NH stretching vibration increased from the
region of 3213–3297 cm1 to 3285–3293 cm1 for the same rea-
son. The symmetrical NO2 stretching modes mixed with other
vibrations located in the same region, especially with CH-bonds.
All the changes in infrared absorption due to electron cloud
density variations of functional groups that can form intermolecu-
lar hydrogen bond with their neighbouring molecule. So, this phe-
nomenon also indicated that the intermolecular hydrogen bond
was the primary forces driving cocrystal formation.3.6. Cocrystal properties
Properties are important factors to evaluate the application
value of explosives [34]. The CL-20/CPL cocrystal is a kind of ener-
getic material with relatively low density of 1.405 g/cm3, which
indicate that the CL-20/CPL cocrystal may have low energetic prop-
erties. However, the adding of non-explosive substance may make
Fig. 6. The intermolecular hydrogen bonds between CL-20 and CPL molecule found in cocrystal.
Fig. 7. IR spectra of CPL, CL-20/CPL cocrystal and e-CL-20.
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other places, which has lower requirements of explosive energy.
To analyze the security, the impact sensitivity and friction sensitiv-
ity of cocrystal was studied. The results revealed its insensitive
nature towards mechanical stimuli, with a friction sensitivity of
0% (No explosion occurred in the test conditions) and H50 (50%
explosion characteristics of drop height) of 84 cm, which shows a
satisfactory security than that of CL-20 (H50 = 16 cm).
Other than above, separation test of cocrystal has been made by
means of different solubility. 0.5 g cocrystal was added to 10 ml
chloroform and sonication for 10 min to obtain the b-CL-20 after
ﬁltration and drying. Particles of the crystal were examined undera microscope, and it shows that the b-CL-20 with a crystal particle
size of about 5 lm or so was successfully received, and the results
were conﬁrmed by XRD. This implied that the b-CL-20 crystals
with a relatively small particle size can be obtained by separation
test of CL-20/CPL cocrystal, and it may be a new way to prepare the
micronized CL-20.4. Conclusion
A novel CL-20/CPL cocrystal with the molar ratio of 1:5 has been
discovered and characterized. The formation of cocrystal is mainly
C. Guo et al. / Journal of Molecular Structure 1048 (2013) 267–273 273inﬂuenced by strong intermolecular hydrogen bond interactions,
and these new interactions make it has unique crystal orientation
and spatial arrangement compared with its components. The
cocrystal has a lower melting point and density, but better secu-
rity, wihch is very advantageous in some blasting engineering,
and it also proved that the performance of energetic materials
can be modiﬁed by cocrystallization to get better comprehensive
explosives. In addition, we found that the absolute dry condition
is needed to prevent the conversion of crystal form of CL-20 during
the cocrystal preparation, and the cocrystal can only be prepared
by rapid solvent evaporation method, which is useful to future de-
sign and preparation of other CL-20 cocrystal. And also, the b-CL-20
crystals with a relatively small particle size can be obtained by sep-
aration test of CL-20/CPL cocrystal, and a newway is carried out for
designing and preparing of micronized CL-20.Acknowledgements
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